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Communicated by Bentley Glass, August 14, 1962 The hemolytic anemia induced by the antimalarial drug, primaquine, is associated with inherited,' X-linked deficiency of erythrocyte glucose-6-phosphate dehydrogenase (G-6-PD). It is uncertain whether such deficiency is produced by an alteration in enzyme structure or by an aberration in a regulatory mechanism. Qualitative enzymatic abnormalities have been observed in certain uncommon individuals with an apparently X-linked form of congenital nonspherocytic hemolytic anemia.2 Such abnormalities have not been detected among Negro and Mediterranean subjects with the more commonly occurring forms of G-6-PD deficiency.2-4 Recently, Marks, Gross, and Banks5 have described an Italian family in which several male members have intermediate levels of G-6-PD activity, altered enzymatic properties, and variant electrophoretic mobility of partially purified erythrocyte enzyme.
In a preliminary account,6 we described electrophoretic variation in G-6-PD of crude hemolysates obtained from normal Negro subjects. This observation has been independently reported by Kirkman, who has adduced evidence for X-linkage of such variation.' Our preliminary data were consistent with autosomal inheritance; subsequently, inconsistencies to the autosomal hypothesis became apparent. These inconsistencies were resolved through the use of leukocytes as a source of G-6-PD. As will be indicated in this report, electrophoretic variation of G-6-PD is, in fact, X-linked, and the responsible structural locus appears to be either tightly linked or identical to the locus governing G-6-PD deficiency in Negroes. (Fig. 1 ). An third of the figure. G-6-PD apapproximately~~~~~~~~~~p ears as the dark areas just below uncommon G-6-PD phenotype, C, has a mobility in-hemoglobin A. The more slowly termediate to that of hemoglobins C and S. migrating Gh6-PD phenotype is type B (right), while the more The identity of the stained material as G-6-PD is rapidly migrating G-6-PD corroborated by the absence of staining after electro-phenotype is type A (left). phoresis of crude hemolysates from more than 40 subjects with known G-6-PD deficiency. 6-phosphogluconic acid dehydrogenase, the next enzyme in metabolic sequence, is electrophoretically distinct from G-6-PD and, at pH 8.5, migrates just cathodic to hemoglobin A2. G-6-PD phenotype was unchanging in repeated samples.
As an additional source of material for electrophoretic and enzymatic characterization, partially purified and concentrated erythrocytic G-6-PD was prepared from 16 type A Negro males, 13 type B Negro males, and 4 type B Caucasian males.
In every case, the patterns obtained with purified material provided the same type as observed with crude hemolysates. Figure 2 indicates that the A and B types of partially purified erythrocytic G-6-PD are more complex than observed with crude preparations. Each type consists of rapidly and slowly migrating components. The rapid, more anodic, components are designated according to type as Al or B1. The occasional appearance of "1" components in crude hemolysates suggests that these components in partially purified material are not an artifactual preparation.
Phenotypes of erythrocytic G-6-PD in Negro females: Crude hemolysates obtained from Negro females usually typed as either A or B; however, a small pro- portion of samples apparently contained both A and B types. Latterly in this investigation, partially purified erythrocytic G-6-PD, prepared from five women, revealed the presence of both A and B components in two individuals. The detection of the AB class potentially invalidated our earlier assumption of dominance, and the limitation of this class to women suggested that electrophoretic differences in G-6-PD were X-linked rather than autosomal. However, the proportion of AB women typable using crude hemolysates was far less than anticipated for a heterozygous class, and we were thus led to seek a more satisfactory source of G-6-PD for typing.
Phenotypes of leukocytic G-6-PD in nondeficient Negroes of both sexes: Crude VOL. 48, 1962 GENETICS: BOYER, PORTER, AND WEILBACHER 1871 leukocytic homogenates were found to possess several advantages as an enzyme source for electrophoretic analysis. Leukocytic G-6-PD is easier to prepare than partially purified erythrocytic enzyme, provides a clearer electrophoretic pattern than is realizable with either crude or purified erythrocyte preparations, and readily permits typing of the AB class. Electrophoresis of leukocytic G-6-PD results in the patterns shown in Figure 3 .
Types A, B, and C each consist of multiple components similar to those observed with partially purified erythrocytic enzyme. As many as six components may be evident in a single sample. The type AB is easily discerned in leukocyte preparations ( Fig. 3 ) and has thus far been confined to women. Type AB specimens contain as many as 12 components all of which correspond to either type A or B components. After electrophoresis in 0.05 M acetate gels at pH 5.5, the relative migration of types A and B is reversed. At this pHi, the A phenotype is slightly anodic while B is distinctly cathodic. Such reversal in relative migration of G-6-PD type with pH alteration suggests that the principal difference between A and B types is one of electrical charge.
Comparisons among 55 Negro males, 22 of type A and 33 of type B, indicate that the electrophoretically determined G-6-PD phenotype is identical in crude preparations of leukocytes and erythrocytes. Since the same gene apparently governs G-6-PD structure in these two types of cells, the G-6-PD phenotypes of males can be ascertained through using preparations of either erythrocytes or leukocytes.
Comparison of G-6-PD phenotypes between leukocytes and crude hemolysates among 100 Negro females indicated considerable discrepancy. Most of this discrepancy could be attributed to our failure to detect the AB class in erythrocytes. In no case was a woman found to be type A in erythrocytes and type B in leukocytes. Moreover, in only one instance was a woman type B in erythrocytes and type A in leukocytes. Thus, the use of crude hemolysates in typing electrophoretic variants of female subjects allows recognition of at least one gene product.
Electrophoretically determined G-6-PD phenotypes of individuals with enzyme deficiency: Crude hemolysates obtained from G-6-PD-deficient subjects do not usually possess sufficient enzyme activity for detection on starch gels. Occasionally, a faintly staining zone has been detected in crude preparations and in every instance has been type A. On the other hand, partially purified erythrocytic enzyme resembled type B in material from each of 22 G-6-PD-deficient Negro males and 2 Negro females (Fig. 2) . However, the fit of electrophoretic pattern to type B was imperfect and, moreover, slight variation existed between subjects. We have no satisfactory explanation for the apparent discrepancy in electrophoretic phenotype between crude and partially purified erythrocytic enzyme from G-6-PD-deficient subjects, but we note that protein purification potentially alters enzyme structure.
Because the activity of leukocytic G-6-PD is essentially normal in Negroes with erythrocytic enzyme deficiency,16 leukocytes were next employed as a source of material for phenotyping. Leukocytic G-6-PD phenotype has been indistinguishable from type A in all but one of 63 Negro males with erythrocytic G-6-PD deficiency and in all of 5 Negro females with similar deficiency. In contrast, the leukocytic phenotype of 2 Greek males and 1 Greek female with erythrocytic G-6-PD deficiency was indistinguishable from type B. With these assumptions in mind, the mothers of all families presenitng exception to X-linked inheritance were re-examined by the method of leukocyte typing. Since it was not possible to re-examine all 70 kindreds, our data are biased and thus not susceptible to analysis by the methods of population genetics. Nonetheless, with the addition of new families, the final collection of 58 Negro families has a total of 123 sons and contains no instance of apparent father-to-son transmission of the gene for type A. In three families, inconsistencies to an X-linked hypothesis remain between the phenotypes of a mother and her sons. The exceptionable kindreds are of interest since they suggest that additional factors may be involved in the appearance of G-6-PD electrophoretic variants. In two families, a type B+ mother bore an A+ son. These women, heterozygotes by an X-linked hypothesis, failed to express an A gene product in either leukocytes or erythrocytes. In the third exceptionable kindred, three mothers are obligate heterozygotes having gene combinations A+/ B +, A-/B+, and A-/B+ respectively. All of these women have leukocytic G-6-PD type A and do not express a B gene product. Such exceptionable subjects possibly account for the slight deficit in observed numbers of AB type women shown Expected female frequencies are calculated from the Hardy-Weinberg equilibrium on the assumptions that A +, A -B + are co-dominant X-linked characters.
* The AB class includes genotypes A-/B+ and A+/B+.
in Table 1 . Although the explanation for such exceptions is unknown, they are, in principle, analogous to the occasional appearance of women who are heterozygous for the gene for G-6-PD deficiency yet possess normal enzyme activity. Beutler has recently proposed that such women are X-chromosome mosaics and that only the chromosome bearing the wild-type G-6-PD gene is operative. 18 The relationship between G-6-PD electrophoretic variation and enzyme deficiency: Nine families were observed in which a heterozygous mother (A-/B+) had one G-6-PD-deficient son and at least one other son. Eight of these mothers have leukocytic phenotype AB. Among the total of 28 sons in these families, 16 are type A-, 2 are enzyme-deficient but not otherwise typed, and 10 are type B+. There are no A+ or B-sons. In 2 additional sibships where the mother's type is unknown, there are a total of 4 enzyme-deficient males and 5 type B+ males. Type A+ males are absent. When the propositi are omitted from the aggregate of 10 families, there are a total of 31 males, 16 of whom are G-6-PD-deficient and There are several possible explanations for our failure to observe type A+ and B-sons among the children of others with gene combinations A-/B+ and our further finding that all but one of 63 G-6-PD-deficient Negro males were type A. Firstly, the AB and deficiency loci might be widely separated and the combination B -lethal in Negroes. This seems unlikely, since our own data when pooled with those from published reports" 19 indicate that 39 G-6-PD-deficient and 39 nondeficient males appeared among sibs and collateral male relatives of enzyme-deficient propositi. There is thus no distortion of the 1:1 expectation. Secondly, the AB locus and the deficiency locus may be closely linked such that the genes of type A and G-6-PD deficiency are in coupling. This last explanation is favored. It necessarily assumes that coupling has sufficiently recent origin in Negroes to preclude the appearance of the recombinant B-. The lack of recombination is compatible either with two distinct loci, each determining a separate product, or with one locus producing a single product which is variable at two points.
The association between A and -characters may provide additional explanation for The one observed B -Negro male has a form of G-6-PD deficiency which resembles that occurring in some Mediterranean peoples. Enzyme-deficient persons of the latter origin have very low levels of erythrocytic enzyme and depressed levels of leukocytic enzyme." The exceptional Negro B -male had no detectable erythrocytic G-6-PD while his leukocytic enzyme activity per mg protein was the lowest observed among 88 Negro subjects, including 20 with erythrocytic enzyme deficiency. The mother and four maternal half brothers of the B -subject were all B +. The B -Negro may represent a mutation, be an instance of European genetic admixture in an American Negro, or result from recombination in a maternal ancestor. If the last explanation is correct, then the quantitative G-6-PD differences existing between enzyme-deficient Mediterranean and Negro subjects may be due to the presence of B character in the former and A character in the latter.
If the A-combination represents close linkage between two coupled genes, then the presence of A-combinations among the Yoruba in Nigeria20 as well as among American Negroes suggests that the A-combination originated before the effective close of the slave trade, that is, at least eight generations ago. Accordingly, recombination between X-linked AB and deficiency loci cannot be greater than approximately 2 per cent and still be in accord with the observed data.
Additional properties of G-6-PD electrophoretic variants: The mean G-6-PD activity in the crude hemolysates of 10 A+ type and 10 B+ type Negro males was respectively 144.3 + 19.1 and 146.5 i 20.8 units/100 ml erythrocytes. The enzyme activity of the individual with type C was within the normal range. Thus, the structural change responsible for phenotypes A, B, and C apparently does not involve an enzymatically active site. Support for this view derives from similarities in other enzymatic properties. As indicated in Table 2 , preparations of types A and B enzyme have properties which approximate those reported from the study of enzyme from nondeficient subjects.2-4 Summary.-Several electrophoretic variants of glucose-6-phosphate dehydrogenase are recognizable among Negro subjects in the absence of enzyme deficiency. Such variation is present in both erythrocytic and leukocytic enzyme and is not accompanied by alteration in other enzymatic properties. Leukocytic enzyme provides a convenient source of material for typing subjects with erythrocytic G-6-PD deficiency. Limitation of the heterozygous class to females suggests that the responsible structural locus is X-linked. Population and family studies support this conclusion but also indicate that additional factors may influence phenotype. The association of a particular G-6-PD variant, type A, with enzyme deficiency in all but one of 63 G-6-PD-deficient Negro males suggests that the locus controlling deficiency and the structural locus are closely linked. Evidence from population studies suggests that the distance between loci is not greater than two map units. Since no recombination between loci has been observed, it is possible that the two loci are part of the same functional unit. In contrast to Negroes, Greek G-6-PDdeficient subjects possess electrophoretic phenotype B. The B phenotype is the only type observed in Americans of European origin. One subject with congenital nonspherocytic hemolytic anemia presented a unique electrophoretic pattern, thus supporting the view that structural alteration of G-6-PD can produce this disorder.
